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Available online 16 January 2014First principles calculations in combination with special quasirandom structures are used to investigate the thermodynamic sta-
bility and electronic structure of a partially ordered hexagonal phase with chemistry Ni6Nb(Al,Ti) observed in Allvac 718Plus. The
results agree with the experimental observations by conﬁrming the structural stability of the alloy over a wide range of compositions.
At ﬁnite temperature, vibrational and conﬁgurational contributions to the free energy stabilize a competing orthorhombic phase,
which is shown to become energetically favourable for high Ti concentrations.
 2014 Acta Materialia Inc. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/3.0/).
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use in compressor discs and turbine blades has been driv-
ing technical innovations for more than 60 years. Re-
cently, a new polycrystalline nickel-based superalloy
called Allvac 718Plus has been developed, which is de-
signed to improve the temperature capabilities of one of
the most currently used superalloys, Inconel 718, while
maintaining its desirable properties, such as good work-
ability, weldability and moderate cost [1]. Inconel 718 is
limited by the high-temperature instability of the constit-
uent c00 phase (Ni3Nb,D022). InAllvac 718Plus, the chem-
istry is altered signiﬁcantly so as to replace c00 with the
more stable c0 phase (Ni3Al, L12). Besides these main
strengthening phases, an orthorhombic phase known as
d (Ni3Nb, D0a) forms in both 718 [2–4] and 718Plus [5–
7] and has a signiﬁcant eﬀect on themechanical properties
by controlling grain size [8]. Figure 1a shows a unit cell of
the prototype structure. Recent studies indicate, however,
that the structure and chemistry of d-like grain boundary
precipitates in 718Plus are diﬀerent from those commonly
found in 718. Several studies on 718Plus have reported in-
creased Al and Ti concentrations in grain boundary d [9–
11] as well as hexagonal phases [5–7,9,11] not usually
found in 718.Most notably, Xie et al. [5] reported a d-like
hexagonal phase with composition close to Ni6NbAl, buthttp://dx.doi.org/10.1016/j.scriptamat.2014.01.012
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Only recently, a detailed electron microscope investiga-
tion by Pickering et al. [8] of the grain boundary precipi-
tates in 718Plus showed that they have a crystal structure
consistent with D024 and a chemistry close to Ni6Nb(Al,-
Ti), with partial ordering of the Nb and Al/Ti atoms over
the 2a and 2c Wyckoﬀ sites, respectively. Figure 1b illus-
trates a unit cell of the prototype structure, which is
known as the g phase. Hexagonal D024 phases in experi-
mental alloys with a composition similar to Ni6Nb(Al,Ti)
are found frequently [12–14], but the possibility of partial
ordering of theNb andAl/Ti atoms ﬁrst reported byGha-
nem [13] has not yet been studied further, particularly
from a theoretical perspective.
In order to ﬁll this gap, the present study uses ﬁrst-
principles density functional theory (DFT) calculations
in combination with the special quasirandom structure
method (SQS) to investigate the thermodynamic stabil-
ity of the g phase relative to competing crystal struc-
tures and analyse in detail how chemistry and ordering
aﬀect stability and electronic structure. The combination
of DFT and SQS has proved to be a reliable approach
for investigating the phase stability and thermodynamic
properties of intermetallic phases and has been applied
to a wide variety of systems [15,16]. To relate the calcu-
lations to observations, Figure 1 also shows a simpliﬁed
experimental phase diagram of the Ni3Al–Ni3Nb–Ni3Ti
pseudo-ternary alloy system [14] at 1273 K, togetherns.org/licenses/by/3.0/).
Figure 1. (a) d prototype structure (b) g prototype structure and (c)
Ni3Al–Ni3Ti–Ni3Nb pseudo-ternary phase diagram. Structural param-
eters of both structures are given in the table.
38 N. C. Eurich, P. D. Bristowe / Scripta Materialia 77 (2014) 37–40with the location of the alloy compositions studied in
this work. Alloys 1–5 correspond to Ni6NbAl1xTix
(x = 0, 0.25, 0.5, 0.75, 1). In the phase ﬁeld between g
and d, a two-phase microstructure consisting of D024
and D0a is observed [14].
The properties of substitutional random alloys can be
computed reliably and eﬃciently using the SQS approach
proposed by Zunger et al. [17,18]. SQS are small unit cell
structures suitable for DFT calculations, which closely
resemble perfectly random alloys by matching their pair
and multi-site correlation functions up to a certain cutoﬀ
distance. As most physical properties of materials are
mainly determined by interactions between nearby
atoms, even small SQS with only very few atoms have
been shown [18,19] to give reliable and accurate results.
In the present study, SQS are generated containing 32,
64 and 128 atoms for the D024 and D0a structures using
the gensqs code of the Alloy Theoretic Automated Tool-
kit (ATAT) [20], such that their pair correlation functions
match those of a perfectly random alloy at least for the
ﬁrst three correlation functions. In constructing the
SQS, the chemistry on the Ni sublattice is held ﬁxed in
both structures and only the Al/Ti and Nb sublattices
are randomly populated with Al, Ti andNb atoms at a gi-
ven stoichiometry. The resulting structures are denoted
by gD and dD to indicate complete chemical disorder on
these sublattices. To simulate the apparent experimental
observation that Nb and Al/Ti partially order on the 2a
and 2c sites, respectively, of theg prototype, SQS are also
constructed in which the chemistry of the Nb sublattice is
held ﬁxed (as well as the Ni sublattice), and only the Al/Ti
sublattice is randomly populatedwithAl andTi atoms. In
this case, the resulting structure is called gP. To investi-
gate the possibility of partial ordering in d analogous to
gP, additional cells are constructed with Nb–(Al,Ti)
ordering in the close-packed [010] direction of the d pro-Table 1. Calculated equilibrium lattice constants (A˚) of the gP phase, toge
718Plus, where the Al/Ti ratio is 2.75 [8].
Composition Ni6NbAl Ni6NbAl0
a 5.14 5.15
c 8.35 8.40
c/a 1.62 1.63totype, and these structures are called dP. Furthermore,
to determine whether inverting the chemical identity of
the two sublattices lowers the formation enthalpy of the
g phase, Nb atoms are ﬁxed on the 2c sites, and Al and
Ti atoms randomly populate the 2a sites. These structures
are called gI.
The ﬁrst-principles calculations are performed using
the Cambridge Serial Total Energy Package (CASTEP)
[21] which implements the plane-wave pseudopotential
DFT method. The exchange correlation functional is
approximated using the generalized gradient approxi-
mation (PBE-GGA) [22], and the electron–ion interac-
tions are described by Vanderbilt-type ultrasoft
pseudopotentials [23]. The plane wave basis set is trun-
cated at a cutoﬀ of 400 eV, and the Brillouin-zone sam-
pling was performed using the Monkhorst-Pack scheme
with a k-point spacing in reciprocal space of 0.04 A˚1.
Tests show that these computational parameters give re-
sults that are suﬃciently accurate for present purposes.
The ferromagnetism of nickel is accounted for by per-
forming all calculations using spin polarization, starting
at a ferromagnetic initial conﬁguration and relaxing to-
wards its ground state. However, for all compositions
considered, the ground state electronic structure of each
alloy is found to exhibit only very weak ferromagnetism,
and the eﬀect is not thought to inﬂuence their phase sta-
bility. Table 1 shows the calculated equilibrium lattice
constants of the g phase at various Ti concentrations,
using partially ordered gP structures. The change in lat-
tice constant upon Ti alloying is relatively small, but can
be related to the 10% larger covalent radius of Ti. The
calculated lattice constants are in good agreement with
the experimental values, which relate to an alloy with
a Al/Ti ratio of 2.75.
The formation enthalpy DH (per atom) of Ni6Nb-
Al1xTix is obtained by subtracting the total DFT energies
of the constituent elements in their fully relaxed ground
state structures from the total energy of the compound, i.e.
DH ¼ EðNi6NbAl1xTixÞ  6EðNiÞ  EðNbÞ
 ð1 xÞEðAlÞ  xEðTiÞ ð1Þ
The results are shown in Figure 2 for chemical compo-
sitions corresponding to x = 0, 0.25, 0.5, 0.75 and 1.0 for
gP and to x = 0, 0.5 and 1.0 for the other structures. The
dashed line denotes a mechanical mixture of Ni3Nb
(D0a), Ni3Ti (D024) and Ni3Al (L12) ground state struc-
tures. The negative formation enthalpies of all the crystal
structures demonstrate their thermodynamic stability
over the entire range of composition. The lower forma-
tion enthalpies of gP indicate the relative stability of the
partially ordered D024 phase and are thus in accordance
with the experimental observations ofg in Allvac 718Plus
[8]. At high Ti concentrations, however, gP is only
marginally more stable than the two d structures, and ather with experimental data obtained from measurements on Allvac
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Figure 2. First-principles formation enthalpies of Ni6NbAl1xTix for
various structures as a function of Ti concentration.
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Figure 3. First-principles free energy diﬀerences between a mechanical
mixture of d-Ni Nb and g-Ni Ti and the dD phase of Ni NbTi.
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most favourable microstructure. Although the enthalpy
of the mechanical mixture ignores interfacial energies,
the result is consistent with the experiments of Tomihisa
et al. [14], who observe a two-phase microstructure com-
posed of D0a and D024 for all alloys with chemical com-
positions similar to those studied in the present work.
The results in Figure 2 imply that gP is stabilized relative
to gD and a mechanical mixture of ground state structures
by lowconcentrationsofTi,which is also consistentwith the
actual chemical composition of g in Allvac 718Plus, which
has a high Al to Ti ratio, as noted above. The crucial role of
Ti in stabilizing gP with Nb–(Al,Ti)–Nb–(Al,Ti) ordering
relative to gD with a random distribution of Nb and Al/
Ti atoms becomes even more apparent when considering
the formation enthalpies of Ni6NbAl. As the small diﬀer-
ence in enthalpy between gP and gD at this composition
shows, Ti is indeed needed to stabilize gP relative to gD.
Further calculations on AlNb and NbAl antisite defects in
thegP phase indicate that their combined formation enthal-
pies are low (i.e.0.416 + 0.432 = 0.014 eV/defect), which
supports the conclusion that gP is able to tolerate high con-
centrations of exchange antisite defects without aﬀecting its
structural stability, and this helps to explain the small diﬀer-
ence in formation enthalpies between gP andgD. Consider-
ing the large diﬀerences in formation enthalpies between gP
andgI, the possibility of an inverse ordering can be rejected
in agreement with the conclusions drawn from experiments
[8]. With regard to the two d structures, it is seen that com-
plete disordering is marginally preferred over partial order-
ing for all Ti concentrations, which is opposite to the trend
found for the two g structures. This is possibly due to the
twofold stacking sequence ind,which limits the chemical de-
grees of freedom.
In order to understand the eﬀect of temperature on
the relative stability of the g phase, ﬁrst-principles pho-
non calculations are employed to investigate how vibra-
tional excitations aﬀect the structural stability of g and d
at various compositions.
At non-zero temperatures, the relative stability of
competing crystal phases is determined by their free en-
ergy diﬀerence [15], given by
dF totðT Þ ¼ ½dF stat  T dSconf  þ ½dF vibðT Þ þ dF elðT Þ ð2Þ
where dFstat is the total energy diﬀerence at T = 0.
Fvib(T) is the phonon contribution to the free energy,
which in the harmonic approximation is given by [24]
F vibðT Þ ¼ kBT
Z 1
0
ln 2sinh
hm
2kBT
  
gðmÞdm ð3Þwhere g(m) is the phonon density of states (DOS) nor-
malized per atom such that
R
gðmÞdm ¼ 3. Fel(T) is the
electronic contribution to the free energy, given by Fel(-
T) = Eel  TSel. The contributions from electronic exci-
tations at ﬁnite temperature are small relative to the
vibrational and entropic contributions and thus will be
neglected in the subsequent discussion.
The conﬁgurational entropy for the D0a structure
with Nb and Ti atoms in equal ratios randomly distrib-
uted over the Nb sites of d-Ni3Nb is given by
Sconf ¼ kB=4ln2. The phonon calculations are carried
out using the ﬁnite displacement supercell method
[25,26] as implemented in CASTEP, with a supercell cut-
oﬀ of 5.0 A˚ and a k-point set of 5  5  5.
Since the T = 0 formation enthalpies of gP and dD
are closest to one another for Ni6NbTi, with a diﬀerence
as small as 5 meV atom1, the relative ﬁnite tempera-
ture contribution to the free energy for this chemistry is
expected to be the largest, and therefore the thermody-
namic stability of gP at this composition is investigated.
Ignoring conﬁgurational and electronic contributions
in Eq. (2), the relative stability of gP vs. dP is then indi-
cated by the sign of dFtot(T) = F(g
P) –
F(dP) = dFstat + dFvib(T), which changes from negative
to positive if dP becomes more stable.
First-principles phonon calculations for gP and dP
therefore show that the vibrational contributions Fvib(T)
alone will stabilize dP relative to gP at only T = 320 K,
the transition temperature at which dFvib(T) = dFstat
and hence dFtot(T) becomes positive. A similar analysis
shows that dD is stabilized relative to gP at 230 K.
Based on the previous ﬁnding that diﬀerences in
T = 0 formation enthalpies for lower Ti concentrations
are several times larger than for higher concentrations
(i.e. Ni6NbTi) and noting the magnitudes of the vibra-
tional and entropic contributions, it is concluded that
the temperature at which gP becomes unstable relative
to dD increases drastically for lower Ti concentrations.
This helps to explain the experimental observation of
g with a low Ti concentration at over 1273 K.
To relate the present ﬁndings to the experimental re-
sults of Tomihisa et al. [14], where at 1273 K a two-phase
microstructure (L12 + D024) was observed, the present
authors investigated how vibrational and conﬁgurational
contributions stabilize dD with composition Ni6NbTi rel-
ative to the mechanical mixture of d-Ni3Nb and g-Ni3Ti.
Figure 3 shows the total free energy diﬀerence
dFtot = F(mech. mix)  F(dD) as a function of tempera-
ture as well as the contributions from the vibrational3 3 6
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Figure 4. Total electronic densities of states of Ni6NbAl1xTix for
diﬀerent Ti concentrations. Inset shows the Ni d-states near the Fermi
level.
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contributions from the conﬁgurational entropy as well
as from the vibrational excitations to the free energy
tend to stabilize dD relative to the mechanical mixture
of Ni3Nb and Ni3Ti at high temperatures. The predicted
transition temperature is T = 1290 K, at which the
mechanical mixture becomes unstable relative to dD,
which is consistent with the experimental results.
In order to understand the phase stability of gP and
the eﬀect of Ti additions at the electronic level, the total
and partial electronic DOS of the alloy are calculated
and shown in Figure 4. The most pronounced feature
of the DOS for all compositions is a deep valley near
the Fermi level, known as the pseudogap [27,28], sepa-
rating the bonding and antibonding states and indicat-
ing structural stability in agreement with the negative
formation enthalpies given earlier. As the Ti concentra-
tion increases, the Fermi level is seen to move away from
the minimum of the pseudogap into the antibonding re-
gion. This eﬀect can be rationalized by the fact that,
upon Ti alloying, electrons are added to the system
(i.e. the electron/atom ratio increases), and initially
unoccupied bands are increasingly ﬁlled. As the partial
DOS reveals (Fig. 4 inset), this shift is caused mainly
by the ﬁlling of Ni d-states (and Nb d-states not shown)
just above the Fermi level of Ni6NbAl.
In summary, plane wave DFT in combination with
SQS were used to calculate the formation enthalpies and
electronic structures of Ni6Nb(Al,Ti) in various competing
phases. The results indicate the stability of a partially or-
dered phase based on D024 with Nb–(Al,Ti)–Nb–(Al,Ti)
ordering over the 2a and 2c sites for low Ti concentrations
and, furthermore, illustrate the importance of Ti in stabi-
lizing the phase relative to more random solutions based
on both D024 and D0a. Using ﬁrst-principles phonon cal-
culations, the results are extended to ﬁnite temperatures
and show that, at high Ti concentrations, gP becomes
unstable relative to dP at 320 K.
Furthermore, it was found that conﬁgurational entro-
py and vibrational contributions stabilize dD relative to a
mechanical mixture of Ni3Nb and Ni3Ti at around
T = 1290 K. The results are in excellent agreement with
the experimental observation of a partially ordered hex-
agonal phase in the commercial alloy Allvac 718Plus [8]
as well as earlier determination of the phase diagram [14].Support for this work was provided by the
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